ABSTRACT: Water microdroplets containing graphene oxide and a second solute are shown to spontaneously segregate into sack-cargo nanostructures upon drying. Analytical modeling and molecular dynamics suggest the sacks form when slowdiffusing graphene oxide preferentially accumulates and adsorbs at the receding air−water interface, followed by capillary collapse. Cargo-filled graphene nanosacks can be nanomanufactured by a simple, continuous, scalable process and are promising for many applications where nanoscale materials should be isolated from the environment or biological tissue. KEYWORDS: Graphene, graphene oxide, encapsulation, folding, core−shell structures, biocompatibility G raphene oxide (GO) is a promising giant molecular precursor for the creation of new carbon materials, because it can be assembled in the colloidal state into complex two-or three-dimensional structures and then reduced to carbon. 1−4 There is potential to systematically design these carbon architectures based on fundamental understanding of graphene/GO alignment, stacking, folding, wrinkling, scrolling, and interfacial adsorption. 5−24 There is a particular interest in graphene wrapping for nanocomposite materials, 4,25−27 where the wrapped component can be nanoparticles, 25−27 nanowires, 4,28 or bacteria. 29, 30 The assembly mechanism is typically electrostatic attraction, 4,25,28 which requires surface chemical modification and pH control to achieve opposite charges, or covalent cross-linking, 4 which requires chemically specific surface modification. It has been recently reported that GO folds under the action of water surface tension during aerosol microdroplet drying to form crumpled graphene nanoparticles. 31, 32 Aerosol microdroplet drying is a simple and scalable continuous nanomanufacturing process, and one of its attractive features is the potential to use multicomponent feed solutions to fabricate composite materials with control of stoichiometry.
G raphene oxide (GO) is a promising giant molecular precursor for the creation of new carbon materials, because it can be assembled in the colloidal state into complex two-or three-dimensional structures and then reduced to carbon. 1−4 There is potential to systematically design these carbon architectures based on fundamental understanding of graphene/GO alignment, stacking, folding, wrinkling, scrolling, and interfacial adsorption. 5−24 There is a particular interest in graphene wrapping for nanocomposite materials, 4,25−27 where the wrapped component can be nanoparticles, 25−27 nanowires, 4, 28 or bacteria. 29, 30 The assembly mechanism is typically electrostatic attraction, 4, 25, 28 which requires surface chemical modification and pH control to achieve opposite charges, or covalent cross-linking, 4 which requires chemically specific surface modification. It has been recently reported that GO folds under the action of water surface tension during aerosol microdroplet drying to form crumpled graphene nanoparticles. 31, 32 Aerosol microdroplet drying is a simple and scalable continuous nanomanufacturing process, and one of its attractive features is the potential to use multicomponent feed solutions to fabricate composite materials with control of stoichiometry.
Here we show that monolayer GO can be cosuspended with a variety of second components in dilute aqueous phases and ultrasonically nebulized and dried/heated to produce nanoparticles that consist of electron transparent graphene "sacks" encapsulating an internal cargo. The filled graphene nanosacks are a self-assembled structure that occurs by spontaneous colloidal segregation of the sack and filler into a core−shell symmetry on the basis of differential diffusion rates and the tendency of GO to adsorb at the liquid−vapor interface. Inside the sacks, nanoparticle cargos can be isolated from the natural environment or from biological tissue, while still exhibiting useful photonic, magnetic, or radiological functions.
Graphene oxide was prepared by a modified Hummers method 33 and purified by a two-step acid−acetone wash to remove the salt byproducts. 34 To fabricate graphene nanosacks, 0.5 mg/mL suspensions of monolayer GO (1−2 μm lateral dimension) were ultrasonically aerosolized to produce a mist of 2−10 μm droplets suspended in a gas flow (0.8 lit/min nitrogen), which pass through an electrically heated furnace (70−600°C) and are captured on porous polycarbonate filters. When GO is the only component in suspension, the products are crumpled graphene nanoparticles (Figure 1a ) similar to those reported recently. 31, 32 The particles are irregularly folded structures with mesopores (∼ 4 nm, Figure 1f ) likely associated with loop structures in the creased regions (Figure 1b,c) . We observe that the 600°C heated particles are stable after reintroduction into water, i.e., they do not dissolve or unfold. 31 The crumpled nanoparticles can be made by heating, which reduces the GO precursor to an r-GO sack, or by dry gas dilution at room temperature, which preserves the GO surface chemistry and insulating properties. In both cases, the microdroplet geometry allows fast drying, which we observe directly in the form of rapid disappearance of the mist phase within a few centimeters of the furnace entrance. Figure 1e gives estimates of drying times from a simple model of diffusion-limited evaporation from spherical microdroplets (see Supporting Information). As long as the ratio of water/gas flow is low enough to prevent saturation from being reached, drying times are predicted to be short, 0.1−100 ms, in agreement with our observations, even at room temperature when dry gas dilution is used instead of heating. Figure 1d gives predictions of the distribution of GO layer number per microdroplet based on Poisson statistics. For droplets of 6 μm in diameter and a GO concentration of 0.5 mg/mL, one expects about 11 layers per droplet, which is consistent with the 10−15 layer packets seen in the walls of the crumpled nanoparticles by highresolution transmission electron microscopy (HRTEM, Figure  1c ). The original suspension has a water−GO mass ratio of 2000:1, so the drying process is accompanied by a large size reduction and produces nanoscale structures from the starting microscale droplets.
To understand how binary suspensions assemble, we used hydrophilic, citrate-stabilized silver nanoparticles (AgNPs, 80 nm diameter) as a model water-dispersible second component. At low AgNP concentrations, the crumpled nanoparticle structure is preserved, but the second component is found inside a thin graphene shroud (Figure 2a) . At higher AgNP concentrations, we still see a graphene shroud (Figure 2b ), but the graphene has fewer creases and the opposing walls are no longer in contact. Instead, the structure resembles a sack with a cluster of Ag nanoparticles as contents. The filler appears to act as a scaffold that mechanically supports the graphene sack and prevents the complete collapse seen in Figure 1a . We then fabricated a series of sack-cargo materials by cosuspending GO with hydrophilic, aryl-sulfonated carbon black nanoparticles (Figure 2f ), fluorescein-sodium dye ( Figure S3c , Supporting Information), DNA ( Figure S3d , Supporting Information), and CsCl salt ( Figure S3e , Supporting Information) all at high loadings (filler:GO mass ratio 2). In most cases, the sheets fully encapsulate the second component with no filler material observed outside the nanosacks by scanning electron microscopy (SEM). If the chosen filler has a high atomic number (Ag, Cs), it can be directly visualized inside the sack by SEM (Figure 2a,b) . Organic or carbon-based fillers are not easily observable, but their presence is reflected in the swollen sack structure (Figure 2f ) and can be seen by TEM ( Figure  S3b , Supporting Information). Unlike other graphene wrapping methods that employ opposite surface charges to achieve electrostatic attraction, 4, 25, 28 this method works best with cargos of the same charge (negative at neutral pH for GO, citrate−AgNPs, DNA, aryl-sulfonated-CB), which keeps both components in suspension stably without association until they are forced together by water surface tension in the late stages of drying.
As a test of encapsulation, we reintroduced the graphene− AgNP sack-cargo material (Figure 2b ) into pH 4 acetate buffer and measured the rate of silver ion release. Free Ag nanoparticles are known to react with dissolved oxygen and protons to liberate Ag + , 36 and Figure 2e shows by direct comparison at equal dose of total Ag, that the sack covering greatly suppresses the corrosion reaction and associated ion release. The release of measurable Ag + suggests the nanosacks are not hermetically sealed, due either to defects in r-GO 37, 38 or to the presence of pores ( Figure 1f ) that give access to the sack interior. We note that the barrier behavior of GO and rGO films is complex, 39 and more work is needed to fully characterize the barrier properties of nanosacks as a function of thickness and degree of reduction.
We became interested in the self-assembly mechanism that determines nanosack structure, which appears to be general and chemically nonspecific. In previous work, 6 we observed that GO collects on the outer surfaces of water droplets as they dry, forming multilayer GO surface films or "skins" that wrinkle under compressive stress during droplet shrinkage. We also observe adsorption of graphene at the droplet−gas interface in our MD simulations ( Figure S4 , Supporting Information). We propose that two factors govern this surface film formation: (i) free energy reduction by interfacial adsorption of a monolayer sheet, and (ii) slow diffusion of the high-MW sheets, which allows additional sheets to be scavenged by the interface as the droplet surface recedes during drying (Figure 3) .
The thermodynamic driving force for graphene or GO interfacial adsorption is easily derived. The transfer of an ideal, infinitely thin sheet from the immersed state to the liquid−gas interface involves creation of a new solid−gas interface of energy, σ s , and the destruction of an equal-area solid−liquid interface of energy σ sl and an equal-area liquid−gas interface of energy, γ. In the absence of curvature (lateral sheet dimension ≪ droplet diameter), these contributions sum to the free energy change of adsorption:
which can be rewritten using the Young equation (σ s = σ sl + γcosθ) to yield:
which gives a negative (favorable) free energy change for all finite contact angles of water on the sheet material (θ > 0). Water contact angles of GO have been reported to be 40− 60°, 40−42 so there is a significant driving force for GO The existing of a driving force for GO interfacial adsorption is consistent with a number of literature observations that GO is amphiphilic and accumulates at the water−air interface 43−45 or water−oil interface. 7, 43, 46 Following monolayer adsorption, further sheets may gather by convective scavenging: The hydrodynamic radius of GO with 2 μm lateral dimension is about 750 nm using the disk model of Johnsson and Edwards, 47 from which the Stokes−Einstein diffusion coefficient, D, is 8 × 10 −9 cm 2 /s, giving a diffusive velocity, D/R, from the interface toward the interior of 8 × 10 −5 cm/s. This is slow compared to the motion of the drying front (∼3 × 10 −2 cm/s) so additional GO sheets will be readily collected (Figure 3 ). By this theory, when binary solution/suspension droplets dry, we anticipate GO will accumulate preferentially on the outside of the particle if two conditions are met: The second component is (i) watersoluble or highly dispersible and (ii) diffuses faster than GO and does not collect preferentially at the drying front. This is indeed the case for each of the second components studied here and leads to the conceptual model of Figure 3 . Note that statistically some GO sheets will be initially located near the center of the droplet, and being slow diffusers will not encounter the receding surface and instead become a part of the core, imbedded with the cargo (see Figure 2d ). In the dilute suspensions used here, however, the volume reduction upon drying is large, and thus most GO layers do encounter the receding drop surface at some point and contribute to the sack formation rather than the core.
For the rational development of nanosack technologies, we would like to better understand GO−water interactions and GO buckling, collapse, and creasing. For simplicity, we omit the filler phase and consider the limiting case of empty nanosacks. Figure 4 shows selected images from molecular dynamics (MD) simulations of droplet drying in the presence of monolayer graphene and GO (Figure 4a ,b, respectively) after an initial period where they first localize at the gas−water interface ( Figure S4 , Supporting Information). We used the LAMMPS code 48 and modeled the interatomic interactions with a reactive force field (ReaxFF), which is a general bondorder-dependent potential that provides accurate descriptions of bond breaking and bond formation in hydrocarbon−oxygen systems. 49 This potential has been successfully used in other studies of graphene/water systems. 49−51 To manage the simulation size, we used 2000 H 2 O molecules and a semi-2D graphene film of 130 × 15 Å with periodic boundary conditions in the Z direction. Graphene oxide structure is prepared by thermal annealing (T = 1000 K) of C 10 O 2 (OH) 2 structure, which is two epoxy and hydroxyl groups per 10 carbon atoms and distributed randomly on either side of the graphene basal plane. 51 The size of the simulation box is 150 × 100 × 15 Å, and charge transfer is performed by the charge equilibration (QEq) method 52 at every MD step. The temperature of the system is kept at 300 K, controlled by rescaling atomic velocities every 10 MD steps (each MD time step Δt = 0.2 fs). To mimic drying, 10% of the H 2 O molecules were randomly selected and removed every 5 × 10 4 fs. The simulations predict very different behavior for graphene and GO during droplet drying (Figure 4 ). For graphene there is a noticeable gap at the water interface, and the droplet appears to template or "guide" the graphene into a scroll structure during drying. We believe that weak van der Waals forces in the water/graphene system 53 allow graphene to slide on the droplet surface, which enables this "guide and glide" assembly mode, similar to observations from previous simulations. 18 Graphene oxide in contrast appears to stick on the droplet surface and be dragged inward as the droplet volume is reduced by drying ("cling and drag" mechanism). Water−GO interactions are known to involve hydrogen bonding with oxygen-containing functional groups. We calculated attraction energies between a single water molecular and epoxy, carbonyl, and hydroxyl groups in our simulations as 0.30, 0.31, and 0.17 eV, respectively, typical of hydrogen-bonded interactions, and we believe these strong forces are responsible for the "cling and drag" assembly. Kinks appear early in the evolving GO structure, and the end product is a crumpled and plastically deformed particle that bears strong resemblance to the collapsed sacks in Figure 1 . Based on our analysis of the spatial distribution of functional groups ( Figure S6 , Supporting Information) and the literature on folding behavior, 11, 12 we suggest that the kink locations are initiated from sites of higher concentrations of functional groups or defects in the GO precursor ( Figure S6 , Supporting Information).
We were also interested in how the water-actuated folding process is influenced by layer number, droplet size, and surface chemistry, and under what range of conditions such folded structures could be formed. A 2D analytical model was developed to describe the minimum energy configuration in the graphene/water-drop system as a function of extent of drying. The model begins with a single graphene sheet or multilayer stack adsorbed at the water−gas interface of a large droplet, which is the lower free energy starting state according to eq 2. At each stage in the drying process, the system energy is the sum of terms for graphene curvature, liquid surface tension, and solid/gas and solid/liquid interfacial energies:
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where γ is the surface tension of water, σ x−y and A x−y are the surface tension and contact area of x−y interface, L is the GO lateral dimension, and R GO is the radius of GO. Minimizing E gives a predicted curvature vs droplet volume V. This is shown in Figure 4c −e, where the curvature is described not by R GO directly but by angle β (Figure 4c inset). Figure 4c shows how the initial bending and closing process depends on GO layer size. Single GO layers used in this study (1−2 μm lateral dimension) are easily bent to full closure (end state at β = 360°). Bending nanoscale GO, however, would involve high curvature, and below about 10 nm does not achieve full closure, but bends and then relaxes back to the planar state (see Figure  4c ). This behavior is similar to that observed in our early MD simulations on small graphene segments (5 nm lateral dimension) interacting with water nanodroplets ( Figure S5 , Supporting Information). Figure 4d shows the effect of stiffness, which is included primarily to understand the effect of layer number, N. Many practical graphene-based materials have multiple layers, 54 and in the absence of interlayer slippage the bending stiffness scales as N 3 and can reach 10 4 eV for a few-layer graphene structure with 20 layers. Figure 4d shows that most few-layer graphene materials at 2 μm lateral dimension can be water folded, but some multilayer structures may act as stiff plates under the action of water surface tension. Finally, Figure 4e shows the effect of contact angle. A contact angle of 40°, typical of GO, is only slightly more effective at 60 (<100 nm) as positive control for toxicity, and carbon black nanoparticles (Printex 90, primary particle size, 14 nm) as a negative toxicity control. Nanosacks show a similar dose−response curve to the plate-like GO precursor. Cell viabilities lie between those for the established positive and negative control samples and show low toxicity below 5 μg/mL. Statistical significance is indicated at *, p < 0.05 using a standard student's t test.
Nano Letters layer bending than contact angles of 90°, typical of few-layer graphene. The modeling suggests that a wide range of graphene and GO structures can be manipulated by the weak forces of water surface tension.
We envision a broad set of technological uses for filled graphene nanosacks. Many potential applications derive from the ability of sacks to isolate nanoparticle cargos from biological tissue or the natural environment where uncontrolled particle release is undesirable due to human or ecological toxicity. In these cases, the sacks can passivate biological surface reactivity while allowing nanoparticle cargos to exhibit unique nanoscale functions, such as superparamagneticity, size-dependent band gaps and fluorescence, and plasmon resonance or can provide CT/MRI contrast enhancement. Potential applications lie in composite materials, electrodes, oxidation protection, magnetic theranostics and hyperthermia, electron imaging of volatile substances, and in vivo imaging probes. Sack leakage or biodegradation of GO as reported by Kotchey et al. 55 may allow delivery and controlled release applications. A number of studies use nanoscale GO as amphiphilic carriers of therapeutic agents, 56−59 but the cargo load is limited by the geometric capacity of the material for molecular adsorption. Nanosack encapsulation is not limited by the geometric surface area of the carrier and has been demonstrated here at cargo:GO ratios up to 200% (w/w).
Many biological applications will require biocompatibility. Figure 5 shows cell uptake and viability results for both the folded graphene nanoparticles (empty nanosacks) and positive and negative nanoparticle controls. Human lung epithelial, H460, cells readily internalized the sacks within 24 h (Figure  5a ), and the internal location was confirmed by confocal microscopy in the plane of the nucleus ( Figure S7 , Supporting Information). Nanosacks elicit a biological response similar to the unfolded GO (Figure 5b ) and have low acute cytotoxicity at doses below 5 μg/mL, which makes them interesting candidates for further development in biomedicine.
Finally, we anticipate that nanosack applications will be facilitated by the simplicity and scalability of the fabrication method; it is a water-based continuous flow process related to industrial spray drying 9 that produces distinct uniform nanoparticles. It can use mild heating or even room temperature dry gas dilution for thermally sensitive cargos. The generality of the assembly principle, the flexibility in composition, the ease of nanomanufacturing, and the increasing availability of the GO precursor are strong motivation for further development of graphene nanosack technologies.
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